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© High mobility semiconductor devices. 



© A high mobility £ channel semiconductor device 
(such as a fieJd-effect transistor) is formed suitable 
for operation at room temperature, for example in a 
circuit with an nchannel device. Whereas hole modu- 
Nlation doping both in single heterojunction and in 
^ heterostructure quantum well devices provides a sig- 
^Qnificant increase in hole mobility only at cryogenic 
CO temperatures, the present invention employs less 
0>than 5nm wide and very deep quantum wells 1 
(about 0.4 eV and deeper) to reduce the effective 
mass of "heavy" conduction holes for motion in the 
biplane of the quantum well 1. Hole mobilities at 300 
O degrees K are obtained in excess of 2.5 times those 
n in bulk material of the same narrow bandgap semi- 
yj conductor as used for the quantum well 1. In a 
particular example such a quantum well 1 is formed 
of GaAs (or GalnAs) between AlAs barrier layers 2. 
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HIGH MOBILITY SEMICONDUCTOR DEVICES 



This invention relates to high mobility semicon- 
ductor devices having a conduction channel of £ 
type conductivity formed as one or more 
heterostructure quantum wells, and relates particu- 
larly but not exclusively to field-effect transistors 
which are formed of Ill-V compound semiconductor 
materials and which may be operated at room 
temperature. 

United States patent (US-A) 4 163 237 dis- 
closes high mobility semiconductor devices (and in 
particular a field-effect transistor) having a conduc- 
tion channel formed as a heterostructure compris- 
ing a plurality of layers of narrow bandgap semi- 
conductor material interleaved with doped layers of 
wide bandgap semiconductor material. The channel 
extends longitudinally along the plane of the quan- 
tum well with conduction charge carriers of the 
channel being confined in the direction of thickness 
of the layers by the quantum well. 

Conduction occurs in the narrow bandgap ma- 
terial by means of charge carriers supplied by the 
doped wide bandgap layers. This effect is now- 
adays termed "carrier modulation doping" of the 
narrower bandgap material which may itself be 
substantially undoped. By thus removing conduc- 
tion electrons from impurity-doped layers where 
scattering occurs, an enhanced electron mobility 
results as compared with electron mobility arising 
from impurity doping of the narrower bandgap ma- 
terial without the heterostructure. The improvement 
is particularly significant at cryogenic temperatures. 

It is recognised in US-A 4 163 237 that when 
the thickness of the narrow bandgap layers is of 
the order of a few hundred Angstroms, i.e. a few 
tens of nanometres (nm), the energy levels therein 
will be quantized in both the conduction and va- 
lence bands. Thus, in this situation each narrow 
bandgap layer forms a quantum well with the wider 
bandgap material acting as barrier layers. Arbitrary 
quantized levels Er, BZ and E3' are illustrated 
inside the conduction and valence bands in Figure 
2 of US-A 4 163 237. Several structures were 
fabricated with layer thicknesses ranged from 100 
to 400 Angstroms (10 to 40 nm), and it is noted 
that the results obtained for mobility improvement 
were found to be substantially independent of layer 
thickness in this range. 

Most of the devices described in US-A 4 163 
237 have n type conductivity, in which case the 
wide bandgap layers are doped n type with donor 
impurity and the heterostructure exhibits a conduc- 
tion band step sufficiently large to confine electrons 
to the narrower bandgap layers. Particular exam- 
ples of GaAs layers interleaved with n type GaAIAs 
wide bandgap layers are described. Both GaAs and 



GaAIAs are semiconductor materials having cubic 
lattice symmetry of the zincblende type. It is also 
proposed that £ type conductivity devices may be 
formed when the wide bandgap layers are doped £ 

s type with acceptor impurity and the heterostructure 
exhibits a valence band step sufficiently large to 
confine holes to the narrower bandgap layers. No 
particular examples are given, it being noted that n 
type wide bandgap layers are preferred because 

10 electron mobility generally exceeds hole mobility. 

In subsequent years, instead of using many 
interleaved layers, high mobility devices (and par- 
ticularly field-effect transistors) have been formed 
with single heterojunctions providing carrier modu- 

15 lation doping from a doped wider bandgap material 
(particularly GaAIAs) to an undoped narrower band- 
gap material (particularly GaAs). This move from 
GaAs/GaAlAs quantum wells to single heterojunc- 
tion devices avoids a need to grow good quality 

20 GaAs on doped GaAIAs. As a result of coulomb 
attraction between the ionized impurity in the wider 
bandgap material and the carriers in the narrower 
bandgap material, the carriers are held within about 
10 to 30 nm of the interface with the wider band- 

25 gap material so forming a so-called 2-dimensional 
carrier gas in the narrower bandgap material. This 
approach has been successfully adopted to form 
high electron mobility transistors (HEMTs) using 
undoped GaAs and n doped GaAIAs and operating 

30 at low temperatures. Such transistors are also 
termed MODFETs for modulation doped field-effect 
transistors. Even at room temperature (300 °K) a 
slight improvement in electron mobility may be 
obtained compared with bulk GaAs whose electron 

35 mobility at 300 degrees K is about 8500 cm 2 V* 1 s- 1 . 

Since complementary conductivity type de- 
vices are desirable for circuits with lower power 
dissipation, potentially increased speed and im- 
proved noise margins, the same single heterojunc- 

40 tion approach has been adopted for £ type con- 
ductivity channel devices. Hole mobility in bulk 
GaAs material at 300 degrees K is only at most 
about 400 cm a V- , s-\ but £ channel MODFETs 
have been constructed using undoped GaAs and £ 

45 doped GaAIAs having hole mobilities as high as 
3650 cm^V-'s- 1 at 77° K and 54000 cnWV 1 at 
4.2°K, as described in for example the article en- 
titled w P-channel MODFETs using GaAIAs/GaAs 
Two-dimensional Hole Gas" in IEEE Electron De- 

50 vice Letters, Vol. EDL-5, No. 8, August 1984 page 
333 to 335. However, such a device is unattractive 
for complementary transistor circuit application at 
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300 degrees K since its room temperature char- 
acteristics imply an average mobility of less than 
200 cm*V- , s-\ which is even less than the hole 
mobility in bulk GaAs at 300 degrees K. 

Temperature dependance of the mobility of 5 
two-dimensional hole systems in modulation-doped 
GaAs/AIGaAs is analysed in an article under that 
title in Applied Physics Letters, Vol. 44 No. 1, 
January 1984, pages 139 to 141. Results are given 
for both single heterojunction structures and super- w 
lattices having interleaved layers forming multiple 
heterojunctions. In all cases in order to achieve 
hole mobilities in excess of 1 1 10 3 cm*V- , s -1 (i.e. 
in excess of 2.5 times that in bulk GaAs at 300 
degrees K), it is necessaFy to cool the device, for is 
example to about 200 degrees K and less. Also it 
is noted" that the shapes and values of the hole 
mobiiity/temperature curve for single heterojunction 
structures and for superiattices are very similar; 
neither is a significant improvement over the other, 20 
although the hole mobility in the single heterojunc- 
tion structure tends to be slightly higher than that 
in the superlattice. 

According to the present invention a high mo- 
bility semiconductor device having a conduction 25 
channel of £type conductivity formed as at least 
one quantum well, the quantum well being a 
heterostructure provided by a layer of narrow band- 
gap semiconductor material located between £ 
type doped barrier layers of wide bancfgap semi- 30 
conductor material, the semiconductor materials 
each having cubic lattice symmetry, the channel 
extending longitudinally along the plane of the 
quantum well with conduction holes of the channel 
being confined in the direction of thickness of the 35 
layers by the quantum well, is characterized in that 
the quantum well is less than 5nm wide and is so 
deep in energy that conduction along the channel 
is by holes of reduced mass having at 300 degrees 
K a mobility in excess of 2.5 times the mobility of 40 
conduction holes in bulk material of said narrow 
bandgap semiconductor at 300 degrees K. Thus for 
quantum well layers based on lll-V compound 
semiconductor materials, such as gallium arsenide 
for example, the conduction holes of reduced mass 45 
in the plane of such a quantum well may have a 
mobility in excess of 1 * lO^cmV-'s" 1 at 300 
degrees K. 

The present invention is based on a recognition 
by the present inventor that a very significant re- so 
duction in the mass of conduction holes along the 
channel (and hence a significant increase in hole 
mobility even around 300 degrees K and in high 
field drift velocity) can be achieved by confining 
the conduction holes in the direction of thickness of 65 
the layers with one or more quantum wells which 
are much narrower (less than 5nm) In width than 
that required merely for quantization and which are 



much deeper in hole energy than that required 
merely to produce a valence band step for confin- 
ing the holes to the narrow bandgap material. This 
permits the design of high mobility £ channel tran- 
sistors for operation at room temperature. 

It is the inventor's understanding that this mass 
reduction arises in the following manner - a fuller 
consideration is given later with reference to Figure 
2. In bulk seimiconductor material (such as lll-V 
compounds) crystallized in a zincblende type cubic 
lattice structure there are two energy level bands at 
the top of the valence band which are degenerate 
at zero momentum; these two are commonly des- 
ignated as those of "heavy" holes which behave as 
though they have a spin quantum number (mj) of ± 
3/2 and "light" holes which behave as though they 
have a spin quantum number (mj) of * 1/2, the spin 
quantization being in the direction of motion of the 
hole. Although both "light" and "heavy" holes nor- 
mally coexist in bulk material, there are many more 
"heavy" holes than "light" ones so that it is primar- 
ily the "heavy" holes that contribute to the elec- 
trical properties of the material. When the quantum 
mechanical symmetry Is reduced by providing a 
quantum well, these "light" and "heavy" hole en- 
ergy levels at zero momentum are separated but 
the level of lowest hole energy and hence preferred 
occupancy is that of the "heavy" hole (mj ± 3/2 
when the momentum in the plane of the well is 
.zero). Thus "heavy" holes again predominate in 
the quantum well. However by making the quantum 
well both very deep and sufficiently narrow (less 
than 5nm wide) the "heavy" hole mass effective for 
motion in the plane of the well is found to be 
reduced so significantly as to become like a light 
hole in its inertia. Furthermore the splitting of the 
two hole levels (mj+ 3/2 and + 1/2) becomes 
sufficiently large that the velocity of the lightened 
"heavy" hole can become large before the hole is 
scattered, and inter-hole scattering is largely elimi- 
nated even at and around room temperature (300 
degrees K) and with high electric fields. 

Designing devices with this understanding per- 
mits hole mobilities significantly in excess of 1 x 
lO'cmV^s- 1 to be achieved at 300 degrees K, for 
example with a quantum well of GaAs or a ternary 
compound based on GaAs. Hole mobilities at 300 
degrees K of 3 * lO'cm'V-'s- 1 and more, for 
example 4 or even 5 * lO'cm^-'s"" 1 , can be 
achieved. Experiments with £ type conductivity 
modulated quantum wells indicate that the mass of 
the "heavy" hole for quantum well widths of more 
than 5nm is not significantly less (and may even be 
slightly greater) than that in bulk material, but that 
with a sufficiently narrow width (less than "5nm) the 
mass reduces significantly in a deep well. "Calcula- 
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tions indicate that the in-plane mass of the "heavy" 
hole in such a quantum well can be reduced to as 
small as a quarter (or even less) of that in bulk 
material, for example GaAs. 

In order to form adequately deep quantum 
wells based on GaAs. it is desirable to form the 
barrier layers of a material such as AlAs. The well 
may be deepened further by forming the quantum 
well layer of a ternary compound material such as 
gallium indium arsenide. The use of GalnAs wells 
with AlAs barriers also introduces a lattice mis- 
match causing the well material to have a biaxial 
compressive strain. Both effects increase the sepa- 
ration of the hole energy levels and enhance the 
reduction in mass of the conduction holes in the 
quantum well. However, other materials may be 
used for the quantum well and barrier layers. 

These and other features in accordance with 
the present invention will now be illustrated in spe- 
cific embodiments, by way of example, to be de- 
scribed with reference to the accompanying dia- 
grammatic drawings, in which: 

Figure 1 is a cross-sectional view of part of a 
device in accordance with the invention, comprising 
a high mobility £ channel field-effect transistor; 

Figure 2 is a representation of hole energy 
E h versus wave vector ky which is a measure of 
quasi momentum in such a quantum well channel 
for a direction of motion y parallel to the plane of 
the quantum well layer, and 

Figure 3 is a cross-sectional view of part of 
the barrier layer and intermediate quantum well 
layer heterostructure for the channel of such a 
transistor in accordance with the invention. 

It should be noted that all the drawings are 
diagrammatic and not drawn to scale. Various di- 
mensions and proportions in the cross-sectional 
views of Figures 1 and 3 have been exaggerated or 
diminished for the sake of convenience and clarity 
in the drawings, and undoped parts of GaAs and 
AlAs are not hatched in these Figures. Furthermore 
it should be noted that in Figure 2 the hole des- 
ignations of m j = ± 3/2 and rrij = i 1/2 only relate 
to "heavy" and "light" hole character at k y = 0 and 
that the exact shape of these curves in ky space in 
the narrow quantum well varies for different materi- 
als and is not precisely known even for GaAs, 
Figure 2 being merely a diagrammatic representa- 
tion. 

The device of Figure 1 comprises a high mobil- 
ity field-effect transistor having a conduction chan- 
nel 7 of £ type conductivity formed as a plurality of 
heterostructure quantum wells 1. Each quantum 
well is provided by a layer 1 of narrow bandgap lil- 
V compound semiconductor material (for example, 
gallium arsenide or gallium indium arsenide) lo- 
cated between £ type doped barrier layers 2 of 
wide bandgap IH-V compound material (for exam- 



ple, aluminium arsenide). These semiconductor 
materials 1 and 2 each have cubic lattice sym- 
metry of the zincblende type. The channel 7 ex- 
tends longitudinally along the plane of the quantum 

s wells 1 , the current path being defined between an 
input 8 and an output 9 which are laterally spaced 
in a longitudinal direction (y) of the layers 1 and 2. 
Conduction holes which carry the current in the 
channel 7 are confined in the direction of thickness 

70 (z) of the layers 1 and 2 by the quantum wells 1 . 

In accordance with the present invention each 
quantum well I is less than 5nm wide (i.e. the layer 
1 is less than 5nm thick) and is so deep in energy 
that conduction along the channel 7 is by holes of 

76 reduced mass having a mobility in excess of 1 * 
lO'cm^s- 1 at 300 degrees K. The mobility im- 
provement at 300 degrees K for conduction holes 
of reduced mass which is achievable with the use 
of narrow and very deep quantum wells 1 in accor- 

20 dance with the invention is in excess of 2.5 times 
the mobility of conduction holes in bulk material of 
the same narrow bandgap semiconductor at 300 
degrees K. Conduction hole mobilities for com- 
monly used GaAs and inAs bulk materials are 

25 about 400 and 450 cm^-'s- 1 respectively at 300 
degrees K. However the invention may be used 
with semiconductor materials having even higher 
bulk mobility to give even higher conduction hole 
mobilities m the plane of the quantum wells 1. 

30 Due to the valence band step at the heterojun- 

ction between layers 1 and 2 the £ type impurity in 
wider bandgap material 2 supplies the conduction 
holes to the narrower bandgap material 1 so that 
channel conduction occurs in the quantum well 

35 layers 1 by carrier modulation doping. Thus, as 
previously suggested in US-A 4 163 237, the mo- 
bility is increased by reducing carrier scattering at 
impurities. This is achieved by having the quantum 
well layers 1 substantially undoped, i.e. unintention- 

40 ally doped. The effect is primarily significant for 
low temperature operation (particularly below 70 
degrees K). ft seems uncertain at present that 
modulation doping by itself in a quantum well can 
result in any significant mobility improvement at 

45 room temperature, particularly as the initial effect of 
introducing a heterostructure tends to be a slight 
reduction in hole mobility at 300 degrees K as 
compared with using bulk material. 

However, in accordance with the present inven- 

50 tion a much more significant increase in hole mo- 
bility at room temperature is achieved by making 
the quantum well 1 both much deeper in hole 
energy than that required merely to confine the 
holes to the undoped narrower bandgap material 

55 and much narrower in width than that required 
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merely for quantization. The results of this situation 
in separating energy levels and in reducing the 
effective mass of the conduction holes is illustrated 
in Figure 2. 

Figure 2 illustrates hole energy levels a and b 
in such a quantum well 1 based on GaAs, the top 
of the valence band being formed by the level a 
which is lowest in hole energy E h . When the chan- 
nel 7 comprises a plurality of the quantum well 
layers 1 interleaved with the £ type doped barrier 
layers 2, the intermediate barrier layers 2 should 
normally be made sufficiently thick to confine the 
conduction holes to the individual quantum wells 1 
in the direction of thickness of the layers, thereby 
maintaining the holes in a 2-dimensional system. 
Otherwise quantum mechanical coupling of the 
wells 1 will produce a supertattice effect broaden- 
ing each of the levels a and b into wide bands of 
levels. However coupling between the wells may 
be included, although this will usually be avoided 
so as to maintain a maximum separation between 
the levels a and b In the quantum well. 

In bulk GaAs crystal material the energy level 
bands which are important in hole conduction cor- 
respond to levels for holes which behave as though 
they have spin quantum numbers mj of ± 372 and 
mj of i 1/2, with the spin quantization in the direc- 
tion of motion of the hole. In the bulk material the 
two spin states (± 3/2 and ± 1/2) of these holes are 
degenerate at zero momentum (k - 0), but the ± 
3/2 spin state has a broader curvature in k-space 
so being preferentially occupied and having a 
heavier mass than the * 1/2 spin state. For this 
reason these two spin states are normally des- 
ignated as those of "heavy" holes for m j ■ t 3/2 
and "light" holes for mj = ±1/2. This difference in 
effective mass for the different spin states is one 
effect which the cubic lattice environment has on 
the kinetic energy of the hole. A second effect is 
that the mass of the hole is anisotropic, having 
cubic symmetry. This anisotropic mass effect is 
particularly severe for the "heavy" holes, there 
being almost a 2:1 ratio between the masses in the 
111 and 100 directions. The effective mass for 
conduction holes is an average combination of 
these anisotropic masses. The effective mass m hh 
of the "heavy" hole (mj » ± 3/2) in bulk GaAs is 
about 0.5m 8 where m e is the mass of a free 
electron. The "heavy" hole is about five times 
heavier than the "light" hole. The effective masses 
of conduction "heavy" holes in other commonly 
used lll-V compound semiconductor bulk materials 
are also between about 0.4m 8 and 0.6m e . 

When the quantum mechanical symmetry is 
reduced by confining the holes in the z direction to 
a quantum well 1, the degeneracy is lifted and 
"light" and "heavy" hole energy levels are sepa- 
rated even at k y = 0 (and k x = 0) as illustrated in 



Figure 2 by curves b and a respectively. The z 
direction is the direction of thickness of the layer 1 
(i.e. the width of the quantum well), whereas y and 
x are taken as directions along the plane of the 

s quantum well (i.e. along the channel 7 and per- 
pendicular thereto). When it is stated in the subse- 
quent discussion that k y = 0 it should also be 
assumed that k x = 0, i.e. the hole is at rest for all 
directions along the plane of the quantum well 1. 

70 The level of lowest hole energy and hence of 
preferred occupancy is level a, i.e. still that of the 
"heavy" hole (m } ± 3/2). 

However, in accordance with the invention the 
quantum well 1 is made so very deep and suffi- 

75 ciently narrow (less than 5nm wide) that the level a 
is steeply curved in k-space in the x and y direc- 
tions so that the "heavy" hole mass effective for 
motion in the plane of the well is reduced so 
significantly as to become like a light hole. The rate 

20 of change of slope (d*E/dk y 2 ) in k y -space at k y = 0 
is inversely proportional to the mass, and by hav- 
ing a sufficiently narrow and very deep quantum 
well the conduction holes in the device can be 
retained in the "heavy" hole level a but with an 

25 effective mass of less a half, preferably less than a 
third of that of the conduction holes in bulk ma- 
terial, i.e. an increase in d 2 E/dk y 3 of more than 3 
times. Indeed, under appropriately optimised con- 
ditions, the "heavy" hole mass (line a) can ap- 

30 proach about 0.11 m e (i.e. less than a quarter of 
that in bulk GaAs and other common lll-V bulk 
materials). For hole motion along the channel, k y is 
greater than zero; however an increased d 2 E/dk/ is 
still maintained as illustrated by the curvature of 

35 the line a for k y values greater than zero in Figure 
2. The Tactor d'E/dk y 2 should be kept large for 
these greater k y values so that the hole velocity 
becomes as large as possible before the hole is 
scattered. The hole mass is inversely proportional 

40 to d a E/dk y a while the curve a is parabolic, but this 
factor d 2 E/dk y 2 still remains inversely proportional 
to a measure of inertia when the curve a becomes 
non-parabolic. 

The separation of the two hole levels a and b is 

45 so large in such a narrow and very deep quantum 
well that level a remains close to a parabolic curve 
up to higher k y values and occupancy of the higher 
energy level b becomes insignificant for the most 
part, thereby reducing the effect of level b on 

so conduction and largely eliminating inter-hole scat- 
tering even for devices operating around room tem- 
perature and with high electric fields e.g. during 
turn off of a field-effect transistor. The separation 
between levels a and b is desirably at least 100 

55 meV at k y = 0. This is much greater than k.T 
where k is the Boltzmann constant and T is the 
absolute temperature, even in the case of devices 
operating at room temperature (k.T is about 25 
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meV for T = 300 °K). Even if the device is de- 
signed for lower temperature operation, an energy 
separation of at least 100 meV will still be desirable 
generally to prevent scattering between levels a 
and b from values of kycorresponding to high hole 
velocities achieved in high fields occurring in the 
device. This ensures that the saturation drift ve- 
locity of holes in the channel 7 will not be signifi- 
cantly impaired by inter-hole scattering. 

The general conditions of a very deep and very 
narrow quantum well are required both to reduce 
the effective hole mass in level a for motion in the 
plane of the well and to separate the levels a and b 
by as much as possible. However for any particular 
choice of materials for the quantum well layer(s) 1 
and barrier layers 2 and for any particular depth of 
well it is expected that the optimum well width for 
minimum mass will not coincide exactly with that 
for maximum separation of the levels a and b. 
Nonetheless a quantum well width of between 1 
and 3nm will commonly provide good results, at 
least for most of the lll-V compound materials 
which it may be desired to use. For GaAs quantum 
well layers 1 a thickness of about 1.5 to 2nm 
seems optimum. 

ft should be noted that in bulk material hole 
spin is defined relative to the direction of motion of 
the hole, whereas the z direction of thickness of 
layer 1 defines the quantization direction for hole 
energy in a quantum well 1. When the hole has 
zero momentum along the plane of the quantum 
well 1 (i.e. k y = 0 and k x = 0) its spin may be 
compared with those of holes in bulk material (i.e. 
a tt heavy n hole spin mj of ± 3/2, and a "light" hole 
spin mj of ± 1/2). However when the hole has 
momentum along the plane of the well, its spin axis 
is no longer defined as aligned with the z direction 
(perpendicular to the plane of the well 1) so that 
these mj designations of ± 3/2 and £ 1/2 are not 
used for the energy curves in Figure 2 for values of 
k y greater than zero. The lines a and b can 
however still be related to holes of the types"which 
behave as though they have, at zero momentum 
along the plane of the well, spin quantum numbers 
of mj = ± 3/2, and mj = ± 1/2 respectively. 

With the GaAIAs material normally used for 
heterojunctions with GaAs channels of MODFETs, 
an adequately deep quantum well cannot be 
formed to achieve the benefits of the present in- 
vention even if the width of such a GaAs quantum 
well between GaAIAs barrier layers were made less 
than 5nm in width. A much deeper well is required 
in order to obtain an adequate separation of the 
energy levels a and b and a suitable increase in 
d 2 E/dk y * (and hence reduction in mass) over an 
adequate range of momentum space k y . Generally 
a quantum well depth of at least 0.4 eV and prefer- 
ably at least 0.5eV or more is desirable. Thus, to 



form a quantum well for a device in accordance 
with the invention the barrier layers 2 may both be 
of aluminium arsenide when the quantum well layer 
1 is of either gallium arsenide or a mixed-crystal 

5 ternary compound material which comprises gal- 
lium arsenide and which produces a larger valence 
band step than does gallium arsenide. The valence 
band step between AlAs and GaAs is about 0.5 eV. 
By incorporating indium in such a mixed crystal 

10 with the GaAs the quantum well 1 is made deeper 
and is also given a biaxial compressive strain 
which further increases the separation of the levels 
a and b. The magnitude of the effect increases with 
Increasing indium arsenide mole fractions in the 

75 gallium indium arsenide material. 

The effect of strain in splitting "heavy" and 
"light" hole levels in gallium indium arsenide is 
considered in the article "Optical investigation of a 
new type of valence-band configuration in 

20 InGaAs/GaAs strained superlattices" in Physical 
Review B, Vol. 31 No. 12, pages 8298 to 8301 
published by The American Physical Society. In 
. the GalnAs well, the "light" hole band lies at a 
higher hole energy (lower electron energy) than the 

zs "heavy" hole band and in fact even lies at a higher 
hole energy than the valence band edge in the 
adjacent GaAs layers as a result of which the 
"heavy" holes and electrons are confined in the 
GalnAs layers while the "light" holes are confined 

30 in the GaAs layers. This so-called type II superiat- 
tice effect for the "light" holes does not occur in 
the heterostructures of the present invention which 
use quantum wells which are very much deeper 
(typically 0.4 eV or more) and also narrower (less 

55 than 5nm). Conduction hole mass reduction is ef- 
fected quite differently in accordance with the 
present invention. 

The present invention provides a significant 
reduction in the effective "heavy" hole mass which 

40 is the conduction hole mass effective for motion in 
the plane of the quantum well 1 (and hence along 
the conduction channel 7). The mobility is not only 
inversely proportional to this mass but is also pro- 
portional to the carrier lifetime. Thus, in addition to 

45 providing a wide separation between the hole en- 
ergy levels a and b to suppress inter-hole scatter- 
ing, other precautions which are already known are 
taken to reduce scattering at impurity centres and 
at the interfaces between the quantum well layers 1 

so and the barrier layers 2. Thus, as illustrated in 
Figure 3, the £ type doping impurity is not merely 
restricted to the barrier layers 2, but is kept away 
from the part 2a of the barrier layer 2 which adjoins 
the quantum well layer 1. Such a feature and its 

55 advantages are already disclosed in US-A 4 163 
237. When using molecular beam epitaxy (MBE) to 
form the layers 1 and 2, the Knudsen cells contain- 
ing the g type doping impurity are shuttered closed 
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during the growth of not only the quantum well 
layer 1 but also the final and initial growth stages of 
the barrier layers 2 adjacent the wells 1 so that any 
impurities incorporated into the iayer(s) 1 and layer 
parts 2a result primarily from background contami- 
nation in the MBE ultra high vacuum system. The 
undoped parts 2a are not illustrated with the hatch- 
ing convention used in Figure 1 , but only in Rgure 
3. Typically these substantially undoped layer parts 
2a will be made much thicker than the thin quan- 
tum well layers 1; thus, the undoped layer parts 2a 
may, for example, be grown as thick as 10 nm o" 
more. 

Furthermore, it is found that when GaAs is 
grown on top of AlAs, the interface tends to be 
rougher (and causes more scattering) than that of 
AlAs on GaAs, and the first such interface following 
AlAs growth may getter impurities which had accu- 
mulated on the growing AlAs surface from the 
substrate. In order to reduce this tendancy, the 
heterostructure for the transistor of Rgure 1 may 
be provided after growing a complex buffer layer 
structure on the substrate 10, as follows: 

The substrate 10 may be of semi-insulating Cr- 
doped GaAs or substantially undoped GaAs and 
have a (100) crystal orientation. A buffer layer 11a 
of undoped GaAs having a thickness of several urn 
(micrometres) may first be grown, followed by a 
layer 11b of undoped GaAIAs which may be, for 
example, about 50 nm in thickness. The buffer 
structure may be completed by growing a superlat- 
tice structure 11c having a total thickness of about 
150 nm and formed as thin multiple sublayers of 
undoped GaAs with interleaved sublayers of un- 
doped GaAIAs or undoped AlAs. There may be a 
progressive increase in the thickness of the inter- 
leaved GaAIAs or AlAs sublayers (and in the AlAs 
mole fraction for GaAIAs sublayers) from the layer 
11b to the first AlAs barrier layer 2. Then the first 
AlAs barrier layer 2 is grown with a £ type doping 
concentration of for example 10' 7 to 10* or more of 
Be or Zn atoms cm- 3 . The impurity doping is 
stopped before growing the last part 2a of the first 
barrier layer 2. Furthermore, buried within this first 
AlAs barrier layer 2, a very thin GaAs (or GalnAs) 
quantum well layer (thinner than the layer 1) may 
be grown at a depth where it is separated from the 
quantum well layer 1 by at least the undoped layer 
part 2a and where it is beyond the contact depth of 
the source and drain regions 8 and 9. 

Next the quantum well layer 1 of GaAs or of 
GalnAs typically between 1.5 and 2.5nm in thick- 
ness is grown without any intentional doping, fol- 
lowed by the thicker undoped part 2 a of the next 
AlAs barrier layer 2. The doped parT2b of the 



AlAs second barrier layer 2 is then grown with the 
same impurity doping, and the sequence 2a, 1 , 2a, 
2b is repeated to provide however many quantum 
wells 1 are desired. 

5 A single quantum well 1 may be adequate for a 

low signal transistor, although it will generally be 
desirable to have a plurality of wells 1 for the 
channel for higher current devices. In this case, as 
described previously, it is usually preferable to 

io grow the Intermediate barrier layers 2 sufficiently 
thick to prevent significant superlattice coupling of 
the individual wells 1 so as to maintain a good 
separation between the quantized hole energy lev- 
els a and b. Such intermediate barrier layers 2 may 

75 be, for example, about 25 nm thick, whereas par- 
ticularly the uppermost barrier layer 2 will generally 
be grown thicker. Particularly for a barrier layer 2 
located between two quantum wells 1, the thick- 
ness of the part 2bover which that barrier layer is 

20 impurity doped may be considerably less than the 
total thickness of both parts 2a (and even the 
thickness of one part 2a) over which it is substan- 
tially undoped. A layer 3 of GaAs may also be 
grown on the uppermost AlAs barrier layer 2 to act 

25 as a surface protection layer and to aid the forma- 
tion of ohmic contacts. 

P type source region 8 and £ type drain region 
9 may be formed by an alloy of Au with Zn or Be; 
they are locally alloyed through the uppermost 

30 barrier layer 2 and the intermediate barrier iayer(s) 
2 so as to contact the quantum well layers 1. 
Source and drain electrodes 4 and 5 (for example 
of Au) are deposited on the source and drain 
regions 8 and 9. A gate 6 is provided between the 

35 source and drain regions 8 and 9, for example in a 
recess as illustrated in Rgure 1 in order to obtain 
better control of the channel 7 by field-effect ac- 
tion. The gate 6 may form a Schottky junction with 
the uppermost barrier layer 2, or it may be pro- 

40 ' vided on a dielectric layer to form an insulated gate 
structure. 

The £ channel field-effect transistor of Figure 1 
may be isolated laterally by etching through the 
thickness of the layer structure 1,2 to reach the 

45 buffer layer 11 and leave the transistor in a mesa 
on the substrate 10. It will be evident that other 
layers may be grown to form an n channel field- 
effect transistor beside the £ channel device. Such 
growth of other layers may be carried out on top of 

50 the heterostructure for the £ channel transistor, 
before forming the source and drain regions 8 and 
9 and the electrodes 4, 5 and 6. The n-channel 
heterostructure layers are then wholly etched away 
at areas where the £ channel transistor is to be 

55 formed. There are known a large variety of n chan- 
nel transistor technologies which may be used to 
form the n channel device. The n channel transistor 
is isolated vertically from the underlying £ type 
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heterostructure layers by an intermediate g-n junc- 
tion. Depending on the temperatures and other 
processing parameters used in the n channel tran- 
sistor fabrication, it may be preferable to reverse 
the sequence so as to form the £ channel 
heterostructure after forming the n channel 
heterostructure on the substrate 10. The hole mo- 
bility in the £ channel transistor constructed in 
accordance with the invention may be at least a 
quarter or even a half of the electron mobility in the 
n channel transistor, both operating at room tem- 
perature. 

Although the specific example of a GaAs-based 
quantum welt 1 between AlAs barrier layers 2 has 
been described and has particular advantages, oth- 
er materials may be used to form a £ channel 
quantum well heterostructure In accordance with 
the Invention. Thus, for example a valence band 
quantum well of about 0.4 eV can be formed be- 
tween barrier layers 2 of indium phosphide and a 
quantum well layer 1 of indium gallium arsenide. 
Such a heterostructure may be used to form a 
device in accordance with the invention, having Its 
quantum well layer(s) less than 5nm thick. When 
the mole fraction of GaAs is 0.47, the InGaAs is 
lattice-matched to the InP, and the quantum well Is 
about 0.38 eVdeep. However different mole frac- 
tions may be used to vary the valence band step 
and to introduce strain and to separate further the 
hole energy levels a and b. Other wide and narrow 
bandgap semiconductor materials of the zincblende 
lattice type may be used to form very deep and 
narrow (less than 5nm wide) quantum wells 1 in 
devices in accordance with the invention. Quantum 
wells may also be formed based on germanium 
and silicon which have cubic symmetry of the 
diamond lattice type, and it appears that a similar 
reduction in the effective mass of "heavy" conduc- 
tion holes can be obtained with this type of semi- 
conductor crystal material by forming narrow (less 
than 5nm wide) and very deep quantum wells. 

Although only a field-effect transistor is illus- 
trated in Figure 1, the invention may be used to 
provide other types of high mobility semiconductor 
devices having a conduction channel of £ type 
conductivity. Furthermore although the invention 
permits the construction of high mobility £ channel 
devices for room temperature operation, devices in 
accordance with the invention may be designed for 
lower temperature operation, it being noted that the 
mobility of the conduction holes in the channel 7 
increases further with cooling. 



Claims 

1. A high mobility semiconductor device having 
a conduction channel of £ type conductivity formed 

5 as at least one quantum well, the quantum well 
being a heterostructure provided by a layer of 
narrow bandgap semiconductor material located 
between £ type doped barrier layers of wide 
bandgap semiconductor material, the semiconduc- 

ro tor materials each having cubic lattice symmetry, 
the channel extending longitudinal ly along the 
plane of the quantum well with conduction holes of 
the channel being confined in the direction of thick- 
ness of the layers by the quantum well, charac- 

75 terised in that the quantum well is less than 5nm 
wide and is so deep in energy that conduction 
along the channel is by holes of reduced mass 
having at 300 degrees K a mobility in excess of 2.5 
times the mobility of conduction holes in bulk ma- 

20 terial of said narrow bandgap semiconductor at 300 
degrees K- 

2. A device as claimed in claim 1, further 
characterised in that the quantum well is so deep 
and sufficiently narrow that conduction in the chan- 

25 ne) is by holes which have in the plane of the 
quantum well an effective mass of less than a third 
of that of conduction holes in bulk material of said 
narrow bandgap semiconductor. 

3. A device as claimed in claim 1 or claim 2, 
30 further characterised in that the narrow and wide 

bandgap materials are lll-V compound semicon- 
ductors, and that the mobility of the conduction 
holes of reduced mass is in excess of 1 x 
10 3 cm 2 V- , s- 1 in the plane of the quantum well at 
35 300 degrees K. 

4. A device as claimed in any one of the 
preceding claims, further characterised In that the 
width of the quantum well is between 1 and 3nm. 

5. A device as claimed in any one of the 
40 preceding claims, further characterised in that the 

quantum well depth is at least 0.4eV. 

6. A device as claimed in any one of the 
preceding claims, further characterised in that the 
banner layers are both of aluminium arsenide, and 

45 in that the quantum well layer of the narrow band- 
gap material is of either gallium arsenide or a 
ternary compound material which comprises gal- 
lium arsenide and which produces a larger valence 
band step than gallium arsenide. 

so 7. A device as claimed in claim 6, further 

characterised in that the ternary compound material 
is gallium indium arsenide. 

8. A device as claimed in claim 6 or claim 7, 
further characterised in that there is present be- 

55 tween the aluminium arsenide barrier layers and 
the ternary compound material a lattice mismatch 
which enhances the reduction in mass of the con- 
duction holes in the quantum well. 
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9. A device as claimed in any one of claims 1 
to 5, further characterised in that the barrier layers 
are both of indium phosphide and the quantum well 
layer of the narrow bandgap materia} is indium 
gallium arsenide. 5 

10. A device as claimed in any one of the 
preceding claims, further characterised in that the 
quantum well layer of the narrow bandgap material 
is substantially undoped, and the conduction holes 

in said layer are supplied by carrier modulation w 
doping from the £ type doped barrier layers. 

11. A device as claimed in claim 10, further 
characterised in that the barrier layers are substan- 
tially undoped immediately adjacent to the quan- 
tum well layer of the narrow bandgap material. 75 

12. A device as claimed in claim 11, further 
characterised in that, at least for a barrier layer 
located between two quantum wells, the thickness 
over which that barrier layer is doped is less than 

the thickness over which it is substantially un- 20 
doped. 

13. A device as claimed in claim 12, wherein, 
at least for a barrier layer located between two 
quantum wells, the barrier layer thickness is about 
25nm with a thickness of the barrier layer of about 25 
lOnm immediately adjacent the quantum wells be- 
ing substantially undoped. 

14. A device as claimed in any one of the 
preceding claims, further characterised in that the 
quantum well layer of the narrow bandgap material 30 
provides the £ type conductivity channel of a field- 
effect transistor. 

15. A device as claimed in claim 14, further 
characterised in that the p type conductivity chan- 
nel comprises a plurality of the quantum well layers 35 
of the narrow bandgap material which are inter- 
leaved with the p type doped barrier layers of the 
wide bandgap material, the barrier layers being 
sufficiently thick to confine the conduction holes to 

the individual quantum wells in the direction of 40 
thickness of the layers. 



9 



0 241 988 



Fig.1. 



8 



2— 



G 5 T 9 




— 11a 



1Q- S \ s s s s 




6a(In)As 




AlAs(2) 



Ga(In)As 



2fl 



7^ 



2b 



-^--j>AlAs(2) 



| d<5nm 



PHB 33256 



